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Transient Receptor Potential Vanilloid-1 Mediates
Heat-Shock-Induced Matrix Metalloproteinase-1
Expression in Human Epidermal Keratinocytes
Wen H. Li1,2,3,4, Young M. Lee1,2,3, Jee Y. Kim1,2,3, Seokwon Kang1,2,3, Sangmin Kim1,2,3, Kyu H. Kim1,2,3,
Chi-Hyun Park1,2,3,5 and Jin H. Chung1,2,3,5
Transient receptor potential vanilloid-1 (TRPV1), a heat-gated channel, was recently found on human
keratinocytes and the activation of epidermal TRPV1 was known to induce release of proinflammatory
mediators. However, the functional consequences of TRPV1 activation in cutaneous physiology and pathology
have not been elucidated clearly. In this study, we investigated the role of TRPV1 on the matrix
metalloproteinase (MMP)-1 expression induced by heat shock in human epidermal keratinocytes. Heat shock
induced the expression of MMP-1 mRNA and protein in a temperature-dependent manner in an immortalized
human keratinocyte cell line (HaCaT) and normal human epidermal keratinocytes (NHK). Heat-shock-induced
MMP-1 expression was decreased by treatment of the TRPV1 inhibitors (capsazepine and ruthenium red) or
knockdown of TRPV1 using RNA interference in HaCaT cells. Overexpression of TRPV1 greatly increased heat-
shock-induced MMP-1 promoter activity in HEK 293 cells. Furthermore, direct activation of TRPV1 by capsaicin, a
TRPV1 agonist, increased MMP-1 expression. We found that heat shock induced calcium influx through TRPV1
and that extracellular calcium was necessary for heat-shock-induced MMP-1 expression in HaCaT cells. Taken
together, our results suggest that heat-shock-induced MMP-1 expression is mediated by activation of TRPV1 and
is dependent on a calcium-dependent signaling process in human epidermal keratinocytes.
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INTRODUCTION
The skin is the largest organ of the body and is the first site of
various external stimuli exposure. It protects internal organs
from harmful environmental factors such as chemicals and
UV irradiation.
Skin aging can be considered to be the intrinsic
(chronological) aging and photoaging processes (Gilchrest,
1989). It has been reported that upregulated expression of
matrix metalloproteinases (MMP) is responsible for the
enhanced degradation of dermal collagen during chrono-
logical aging and photoaging (Fisher et al., 1996; Brenneisen
et al., 2002; Rittie and Fisher, 2002; Chung et al., 2003).
MMP are a family of structurally related matrix-degrading
enzymes that play important roles in various destructive
processes, including inflammation (Vincenti and Brincker-
hoff, 2002), tumor invasion (Mignatti et al., 1986; Mignatti
and Rifkin, 1993), and skin aging (Fisher et al., 1997; Varani
et al., 2000; Fisher et al., 2002). Some MMP are induced by
various stimuli, including ultraviolet or infrared radiation,
growth factors, and cytokines (Sternlicht and Werb, 2001).
Heat is generated as a consequence of infrared irradiation,
and leads to an increase in skin temperature during sun
exposure. Recently, we have shown that heat shock induces
MMP-1 and MMP-3, but not MMP-2, in cultured human
dermal fibroblasts through activation of extracellular signal-
regulated kinase (ERK) and c-Jun N-terminal kinase (JNK) and
an autocrine interleukin-6 (IL-6) loop (Park et al., 2004). Heat
is also known to induce MMP-12, which is capable of
destroying the pre-existing elastic fiber network and thus
contributes to the accumulation of elastotic materials in
photoaged skin (Chen et al., 2005). It has been reported that
heat shock can strongly induce expression of c-fos, c-jun and
egr-1 genes (Kato et al., 2003), and trigger mitogen-activated
protein kinase activation and mitogen-activated protein
kinase phosphatase-1 induction (Gorostizaga et al., 2005).
Transient receptor potential vanilloid-1 (TRPV1, capsaicin
receptor) is a member of the TRP family of ion channels,
responding to temperature, pH, or vanilloids such as
capsaicin (Caterina et al., 1997; Szallasi and Blumberg,
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1999). TRPV1 itself is known to be a heat sensor. TRPV1 can
be activated by noxious heat with a threshold of about 431C
(Hayes et al., 2000). TRPV1 is widely expressed on various
mesenchymal and epithelial cell types of human skin, such as
mast cells, glial cells, bronchial epithelial cells, uroepithelial
cells, and keratinocytes (Bodo et al., 2004; Stander et al.,
2004). The activation of TRPV1 may be involved in
proliferation, apoptosis, differentiation, and/or cytokine
release. TRPV1 functions as a calcium-permeable cation
channel. TRPV1 activation results in calcium influx and
extracellular cations (Ca2þ , Mg2þ ) can sensitize and gate
TRPV1 channel (Ahern et al., 2005). But the functional
properties of TRPV1 signaling in cutaneous physiology and
pathology have not been elucidated clearly.
In this study, we investigated whether TRPV1 was
involved in MMP-1 expression by heat shock in epidermal
keratinocytes. Our results show that TRPV1 and extracellular
calcium play an important role on heat-shock-induced MMP-
1 expression in human epidermal keratinocytes.
RESULTS
Heat-shock-induced MMP-1 expression in HaCaT and NHK
To investigate the effects of heat shock on MMP-1 expression
in human keratinocyte cell line (HaCaT) and normal human
keratinocytes (NHK), we treated the cells with heat shock
(37–461C) in the circulating water bath and measured both
mRNA and protein levels of MMP-1. Heat shock increased
MMP-1 mRNA expression significantly in both HaCaT
(4421C) and NHK (4441C) 8 hours post-heat treatment
(Figure 1a, b). The expressions of MMP-1 protein were also
increased significantly by heat shock (4421C) in a temperature
-dependent manner 48 hours post-heat treatment in both
HaCaT (Figure 1c) and NHK (Figure 1d).
To confirm the heat-shock response, the expression of the
inducible form of heat-shock protein 72 protein was
measured after heat treatment. The levels of heat-shock
protein 72 protein were increased significantly (3- to 6-folds)
in a temperature-dependent manner 48 hours post-heat
treatment (Figure 1c, d). These results show that heat shock
induces the expression of MMP-1 mRNA and protein in
human epidermal keratinocytes.
Inhibition of TRPV1 suppressed heat-shock-induced MMP-1
expression in HaCaT cells
To investigate whether TRPV1 signaling is involved in heat-
shock-induced MMP-1 expression, we used TRPV1 inhibitors
and TRPV1 small interfering RNA (siRNA) during heat-shock
treatment. HaCaT cells were pretreated with capsazepine,
which is a competitive TRPV1 antagonist or ruthenium red,
which is a non-selective TRPV antagonist, for 30 minutes
before and for the indicated times after heat shock. Both
TRPV1 inhibitors inhibited the heat-shock-induced expres-
sions of MMP-1 mRNA (Figure 2a, b) and protein (Figure 2c,
d) significantly in a dose-dependent manner.
Furthermore, we used TRPV1 siRNA to specifically knock
down TRPV1 expression. As a preliminary experiment, we
transfected HaCaT cells with TRPV1 siRNA at 10, 30, and
50 nM for 24 hours and measured TRPV1 mRNA expression.
Transient transfection of TRPV1 siRNA resulted in the
decrease of TRPV1 mRNA level in a dose-dependent manner
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Figure 1. Heat shock induced the MMP-1 expression in an immortalized HaCaT and NHK. HaCaT cells and NHK were serum starved for 24 hours and treated
for 30 minutes in a water bath at 37, 42, 44, or 461C. Fresh culture medium was added and the cells were further incubated for the indicated times. The amounts
of MMP-1 mRNA (a, b) were analyzed 8 hours post-treatment by semiquantitative RT-PCR. Each level of MMP-1 mRNA was normalized versus that of the
corresponding GAPDH mRNA. The amounts of MMP-1 released into culture media and heat-shock protein 72 and b-actin proteins in total cell lysates (c, d)
were analyzed 48 hours post-treatment by Western blotting. Values represent the mean7SEM of data from three independent experiments. *Po0.05 vs 371C.
www.jidonline.org 2329
WH Li et al.
TRPV1 Mediates Heat-Shock-Induced MMP-1 Expression
(87.474.3, 69.475.1, and 41.573.6% at 10, 30, and 50 nM
TRPV1 siRNA, respectively), whereas TRPV1 mRNA level
was not significantly changed in the cells transfected with
control siRNA (Figure S1). Then, we investigated the effect of
TRPV1 siRNA on heat-shock-induced MMP-1 expression.
Heat shock increased the expression of MMP-1 mRNA and
MMP-1 protein (Figure 3a, b), whereas TRPV1 mRNA
expression was not significantly affected by heat shock
(Figure 3a: 37 vs 441C). However, pretreatment of the cells
with TRPV1 siRNA reduced the heat-shock-induced MMP-1
mRNA (69.874.7, 40.978.1, and 32.677.3% by 10, 30,
and 50 nM TRPV1 siRNA, respectively) (Figure 3a) and also
MMP-1 protein (Figure 3b). These results suggest that
activation of TRPV1 by heat shock is involved in the heat-
shock-induced MMP-1 expression in HaCaT cells.
Overexpression of TRPV1 increased heat-shock-induced MMP-1
promoter activity in HEK293 cells
To further confirm the role of TRPV1 on heat-shock-induced
MMP-1 expression, we studied the effect of TRPV1 over-
expression on the transcriptional activation of MMP-1 at the
promoter level during heat shock. HEK293 cells were
transiently transfected with a MMP-1 promoter/luciferase
construct or/and a TRPV1 expression vector. The activity of
the MMP-1 promoter alone was increased slightly by heat
shock (1.2770.18 fold) in the HEK 293 cells, whereas
coexpression of TRPV1 greatly increased heat-shock-induced
MMP-1 promoter activity (3.2670.61 fold) (Figure 4). These
results show that TRPV1 plays a critical role in heat-shock-
induced increase of the MMP-1 promoter activity.
Capsaicin, a TRPV1 agonist, induced MMP-1 expression
in HaCaT cells
The above results suggest that TRPV1 signaling is involved in
heat-shock-induced MMP-1 expression. Next, we investi-
gated whether direct activation of TRPV1 by capsaicin can
induce MMP-1 in HaCaT cells. Treatment of capsaicin
increased the expression of MMP-1 protein dose-dependently
at 48 hours in HaCaT cells (351.2756.9 and 414.1762.2%
by 0.5 and 1mM, respectively, Figure 5a). To confirm that
capsaicin-induced MMP-1 expression was mediated through
activation of the TRPV1 receptor, HaCaT cells were treated
with a TRPV1 antagonist, capsazepine, for 30 minutes before
and throughout treatment with 1 mM capsaicin. As shown in
Figure 5b, exposure to 3 mM capsazepine attenuated the
capsaicin-induced MMP-1 expression by 62.977.6%,
whereas exposure to capsazepine alone did not affect basal
level of MMP-1 expression. These results suggest that TRPV1
activation plays an important role in MMP-1 expression.
Heat shock induced calcium influx through the activation
of TRPV1 in HaCaT cells
On sensory neurons and several non-neuronal cell types,
including keratinocytes, the heat-gated TRPV1 functions as a
calcium-permeable cation channel (Caterina et al., 1997;
Southall et al., 2003). To confirm whether heat shock can
also activate TRPV1 in HaCaT cells, we detected calcium
influx by monitoring Fluo-4 fluorescence monitoring after
heat shock. Our data showed that heat shock increased the
level of intracellular calcium (321.43%728.3%, compared
with control cells) significantly. Treatment of selective TRPV1
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Figure 2. TRPV1 inhibitors, capsazepine, and ruthenium red inhibited heat-shock-induced MMP-1 expression dose-dependently in HaCaT cells. HaCaT
cells were serum starved for 24 hours. After being pretreated for 30 minutes with specific TRPV1 inhibitors (capsazepine or ruthenium red), the cells were treated
for 30 minutes in a water bath at 37 or 441C. Fresh media containing the corresponding inhibitor were added and the cells were further incubated for the
indicated times. The amounts of MMP-1 mRNA (a, b) were analyzed 8 hours post-treatment by semiquantitative RT-PCR. Each level of MMP-1 mRNA was
normalized versus that of the corresponding GAPDH mRNA. The amounts of MMP-1 proteins released into culture media (c, d) were analyzed 48 hours post-
treatment by Western blotting. Values represent the mean7SEM of data from three independent experiments. C, control; CPZ, capsazepine; RR, ruthenium red.
*Po0.01 vs 371C, #Po0.05 versus heat-treated cells.
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inhibitor, capsazepine (20 mM), inhibited the heat-shock-
induced increase of intracellular calcium (158.53729.4%,
compared with control cells) (Figure 6a). Capsaicin, a TRPV1
agonist, also increased the level of intracellular calcium
(131.2375.7%) significantly, compared with the control, and
capsazepine inhibited it (Figure 6b). These results indicate
that the TRPV1 in HaCaT cells is activated by heat shock and
that this TRPV1 activation mediates heat-shock-induced
calcium influx into these cells.
Extracellular calcium was critical in heat-shock-induced MMP-1
expression in HaCaT cells
Our above results show that heat shock can activate TRPV1
and induce calcium influx through TRPV1. Therefore, we
evaluated the role of extracellular calcium on heat-shock-
induced MMP-1 expression. The heat-shock-induced MMP-1
expression was greatly reduced in calcium-free media,
compared with that in normal media (Figure 7a, b). However,
supplementation of calcium into the calcium-free media led
to increase of the MMP-1 expression by heat shock in a dose-
dependent manner (Figure 7c). These results suggest that an
influx of extracellular calcium may be required for induction
of MMP-1 expression by heat shock.
DISCUSSION
TRPV1 is a non-selective cationic channel that is known to be
activated by vanilloids, heat, and protons. Recently, TRPV1
has been identified on various human skin cells including
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Figure 3. Transfection with TRPV1 siRNA inhibited heat-shock-induced
MMP-1 expression in HaCaT cells. HaCaT cells were untransfected (C) or
transfected with scrambled control siRNA at 50 nM or TRPV1 siRNA at 10, 30,
50 nM using OligofectAMINE as recommended by the manufacturer. After
incubation at 371C for 24 hours, the cells were incubated in a water bath at 37
or at 441C for 30 minutes. Fresh culture medium was added and the cells were
further incubated for the indicated times. The amounts of TRPV1 mRNA and
MMP-1 mRNA (a) were analyzed 24 hours post-treatment by semiquantitative
RT-PCR. Each level of TRPV1 and MMP-1 mRNA was normalized versus that
of the corresponding GAPDH mRNA. The amounts of MMP-1 proteins
released into culture media (b) were analyzed 48 hours post-treatment by
Western blotting. Data shown are representative of three independent
experiments. C, control (only OligofectAMINE treated); SCR, scrambled
control siRNA. *Po0.05 vs 371C, #Po0.05 versus heat-treated cells.
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Figure 4. Overexpression of TRPV1 increased heat-shock-induced MMP-1
promoter activity in HEK293 cells. HEK293 cells were transiently transfected
with control or the MMP-1 promoter (1949/þ35)/luciferase reporter
construct with or without a TRPV1 expression vector. The DNA containing
medium was replaced with fresh serum-free DMEM. Following serum
starvation for 24 hours, the cells were incubated in a water bath at 37 or at
441C for 30 minutes. After incubation for an additional 6 hours, the cells were
harvested and the luciferase activities were determined. Fold induction is
expressed as the ratio of relative luciferase activity of heat-treated cells to that
of control cells. Results are normalized for protein concentration and
represent the mean7SEM of data from three different experiments. EMP,
pGL2 vector; MMP-1, MMP-1 promoter construct; TRPV1, TRPV1 expression
vector; n¼ 3, *Po0.05, **Po0.01.
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Figure 5. Capsaicin, a TRPV1 agonist,-induced MMP-1 expression in HaCaT
cells. The cells were serum starved for 24 hours and then treated with
capsaicin for 48 hours (a). When required, capsazepine was added 30 minutes
before the capsaicin treatment (b). The amounts of MMP-1 proteins released
into culture media were analyzed 48 hours post-treatment by Western
blotting. Data shown are representative of three independent experiments.
Values represent the mean7SEM of data from three independent
experiments. CAP, capsaicin; CPZ, capsazepine. *Po0.05 versus control
cells, #Po0.05 versus capsaicin-treated cells.
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keratinocytes (Southall et al., 2003; Bodo et al., 2004;
Stander et al., 2004). Even though TRPV1 is widely known to
be involved in nociceptive pathways, it has not been
intensively studied yet about the role of TRPV1 on other
physiological processes including heat-shock-induced gene
expressions.
In this study, we investigated whether TRPV1 might play
some role on heat-shock-induced MMP-1 expression in
human keratinocytes. We showed that heat shock induced
the expression of MMP-1 mRNA and protein in both HaCaT
and NHK. This heat-shock-induced MMP-1 expression was
inhibited by treatment with the TRPV1 antagonists, capsaze-
pine and ruthenium red, or by knocking down TRPV1 using
siRNA. Using HEK293 cells transfected with MMP-1 promo-
ter/luciferase or/and TRPV1 expression vector, we also
demonstrated that overexpression of TRPV1 greatly increased
heat-shock-induced MMP-1 promoter activity. In addition,
we showed that capsaicin, a specific agonist for TRPV1,
induced the expression of MMP-1 protein. Therefore, our
results suggest that TRPV1 plays an important role on heat-
shock-induced MMP-1 expression in human epidermal
keratinocytes.
Activation of epidermal TRPV1 by capsaicin was shown to
induce a calcium influx (Inoue et al., 2002; Southall et al.,
2003). Calcium is a well-known intracellular second mes-
senger, which mediates a wide range of cellular response
(Berridge, 1994; Ghosh and Greenberg, 1995). Our results
indicated that heat shock induced the calcium influx and
resulted in higher level of intracellular calcium through
TRPV1 in human keratinocytes, as a selective TRPV1
inhibitor, capsazepine abolished the calcium influx by heat
shock. Furthermore, we showed that extracelluar calcium
was required for heat-shock-induced MMP-1 expression. The
cellular events affected by TRPV1 activation was found to
show clear calcium dependence in human keratinocytes
(Southall et al., 2003; Bodo et al., 2005). In addition, it was
reported that increasing extracellular calcium induced MMP-
9 gene expression in human keratinocytes (Kobayashi et al.,
2001; Mukhopadhyay et al., 2004) and that inhibition of
calcium influx decreased MMP-1 and MMP-2 mRNA
expression (Kohn et al., 1994). Taken together, our results
suggest that heat shock induces calcium influx through
activation of TRPV1, which may play a role on MMP-1
expression through a calcium signaling process.
There are increasing reports showing that TRPV1 may play
a role on various cellular responses, in addition to
nociceptive transmissions. Recent studies have shown that
TRPV1-mediated calcium influxes induce cell death in
mesencephalic neurons and microglia (Kim et al., 2005,
2006). Also, activation of TRPV1 was shown to induce
cyclooxygenase-2, prostaglandin E2, and IL-8 in human
epidermal keratinocytes (Southall et al., 2003) and to inhibit
proliferation, induce apoptosis, elevate intracellular calcium
concentration, and modulate various cytokines and growth
factors in human outer root sheath keratinocytes (Bodo
et al., 2005). We have previously shown that heat-shock-
induced IL-6 expression and release into culture media
plays an important role on MMP-1 expression through an
autocrine loop in human fibroblasts (Park et al., 2004). We
have also found that heat shock induces IL-6 expression in
HaCaT cells and that this heat-shock-induced IL-6 expression
is inhibited by treatment with capazepine in HaCaT cells
(data not shown), indicating that TRPV1 activation may
contribute to MMP-1 expression through IL-6 induction in
human keratinocytes. Therefore, activation of TRPV1 by
either heat or other factors including capsaicin may
contribute to degradation of matrix proteins, leading to
thermal wounds.
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Figure 6. Increase of calcium influx by heat-shock and capsaicin treatment
in HaCaT cells. HaCaT cells were loaded with the Ca2þ indicator Fluo-4.
Peak fluorescence intensity after heat or capsaicin treatment was plotted as
the ratio to that of the corresponding control condition (tp0 seconds). (a)
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Figure 7. Extracellular calcium was critical in heat-shock-induced MMP-1
expression. After serum starved for 24 hours, HaCaT cells were incubated in
normal DMEM or calcium-free DMEM without or with calcium at the
indicated concentrations for 30 minutes and then the cells were treated for
30 minutes in a water bath at 37 or 441C. Fresh normal DMEM or calcium-free
DMEM were added and the cells were further incubated for the indicated
times. The amounts of MMP-1 mRNA (a) were analyzed at the indicated time
by semiquantitative RT-PCR. Each level of MMP-1 mRNA was normalized
versus that of the corresponding GAPDH mRNA. The amounts of MMP-1
proteins released into culture media (b, c) were analyzed 24 hours
post-treatment by Western blotting. Data shown are representative of
three independent experiments.
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Even though many studies have reported that the activity
of TRPV1 can be modulated by phosphorylation (Zhang
et al., 2005; Pareek et al., 2007) and dephosphorylation
(Patwardhan et al., 2006), the signaling events occurring from
TRPV1 to the cellular targets have not been addressed yet.
Further studies need to be carried out to elucidate how
TRPV1 is involved in heat shock or capsaicin-induced MMP-
1 expression and whether TRPV1-mediated calcium influx
plays some role on this process in human keratinocytes. We
are currently investigating what kinases and/or transcription
factors are involved in TRPV1-mediated MMP-1 expression in
human keratinocytes.
In conclusion, our present findings show that TRPV1 plays
an important role on heat-shock-induced MMP-1 expression
and that a calcium-dependent signaling process is required in
heat-shock-induced MMP-1 expression in human keratino-
cytes.
MATERIALS AND METHODS
Materials
Capsaicin, capsazepine and ruthanium red were purchased from
Sigma (St Louis, MO). Antihuman MMP-1 antibody was made from
Lab Frontier (Seoul, Korea), anti-heat-shock protein 72 and anti-
b-actin antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA).
Cell culture media, antibiotics, and Trizol reagent were
purchased from Life Technologies (Rockville, MA). Calcium-free
DMEM was purchased from Invitrogen (Carlsbad, CA). Fetal bovine
serum (FBS) was obtained from Hyclone (Logan, UT).
Cell culture and treatments
Primary NHK were cultured from foreskins primarily as described
previously (Boyce and Ham, 1983). The cells were cultured in
keratinocyte growth medium (Clonetics, San Diego, CA), which was
composed of MCDB 153 medium supplemented with epidermal
growth factor (10 ng/ml), bovine pituitary extract (70 mg/ml), hydro-
cortisone (0.5 mg/ml), penicillin (100 mg/ml), streptomycin (100 mg/
ml), and fungizone (0.25 mg/ml). Third-passage keratinocytes were
used. The immortalized HaCaT were cultured in DMEM supple-
mented with glutamine (2 mM), penicillin (400 U/ml), streptomycin
(50 mg/ml), and 10% FBS in a humidified 5% CO2 atmosphere at
371C. For treatment, cells were cultured to 80% confluence and then
maintained on culture media without FBS for 24 hours; the culture
dishes were sealed with parafilm and immersed into a circulating
thermo-regulated water bath at 371C for the control treatment or at
42, 44, or 461C for the heat-shock treatments for 30 minutes. After
heat treatment, culture media were replaced with fresh media
without FBS and the cells were further incubated for the indicated
times. When required, the specific TRPV1 antagonist (capsazepine
or ruthenium red) were added 30 minutes before the control or heat-
shock treatment and incubated for the indicated times. To study the
role of extracellular calcium in heat-shock experiment, HaCaT cells
were serum starved for 24 hours and cultured in calcium-free DMEM
or calcium-containing DMEM for 30 minutes, and then cells were
treated for 30 minutes in a water bath at 37 or 441C. Fresh
corresponding culture medium was added and the cells were further
incubated for the indicated times. The medical ethical committee of
Seoul National University approved all described studies, and the
participants gave their written, informed consent. The study was
conducted according to the Declaration of Helsinki principles.
Western blot analysis
Western blotting was performed as described previously (Park et al.,
2004). To determine the amounts of MMP-1 secreted into culture
media, equal aliquots of conditioned culture media from an equal
number of cells were fractionated by 10% SDS-PAGE, transferred to
Hybond ECL membrane (Amersham Biosciences, Buckinghamshire,
England), and analyzed by Western blotting with a rabbit polyclonal
antibody against MMP-1 by enhanced chemiluminescence (Amer-
sham Biosciences). As loading controls, the corresponding b-actin
levels were determined in total cell lysates from the same number of
cells. Protein levels of the inducible form of heat-shock protein 72
were measured using total cell lysates from the same number of
cells.
RNA analysis
Total RNA was prepared from cultured human epidermal keratino-
cytes and HaCaT cells using Trizol method, according to the
manufacturer’s protocol (Life Technologies). Isolated RNA samples
were electrophoresed in 1% agarose gels to assess quality and
quantity. One microgram of total RNA was used for the first-strand
cDNA synthesis using a first-strand cDNA synthesis kit for reverse
transcriptase (RT)-PCR according to the manufacturer’s instructions
(MBI Fermentas, Vilnius, Lithuania). Semiquantitative PCR was
performed with 1ml of the first-strand cDNA product using the
following primers for human genes: glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (forward, 50-ATT GTT GCC ATC AAT GAC
CC-30; reverse, 50-AGT AGA GGC AGG GAT GAT GT-30), MMP-1
(forward, 50-ATT CTA CTG ATA TCG GGG CTT TGA-30; reverse, 50-
ATG TCC TTG GGG TAT CCG TGT AG-30), TRPV1 (forward, 50-TGT
GCC GTT TCA TTT T-30; reverse, 50-TGC AGC TTC CAG ATG TT-
30). The PCR conditions used were: one cycle of initial denaturation
(for 5 minutes at 941C), 20 cycles (GAPDH) or 28 cycles (MMP-1 and
TRPV1) of amplification (for 1 minute at 941C, for 1 minutes at 601C,
and for 1 minute at 721C), and one cycle of final extension (for
10 minutes at 721C). The PCR amplifications were carried out in a
cycle number correspondent to logarithmic amplification phase.
Reaction products were electrophoresed in 2.0% agarose gels and
visualized with ethidium bromide. The signal strengths were
quantified using a densitometric program (TINA; Raytest Isotopen-
mebgerate, Straubenhardt, Germany). No PCR products were
obtained in the control reactions with RT omitted. After normalizing
versus GAPDH intensity, percentage increases or decreases
were determined. Each experiment was repeated at least three
times.
RNA interference
The gene silencing of human TRPV1 was performed by using
sequence-specific siRNA reagents designed by BLOCK-iT RNAi
program (Invitrogen). The human TRPV1 siRNA sequence was as
follows: 50-GGA TTG CCC TCA CGA GGA A-30. Silencers Negative
Control no. 1 (Ambion, Cambridge, UK) was used as a scramble
control siRNA. HaCaT cells were grown in DMEM supplemented
with 10% FBS in a humidified incubator (5% CO2) at 371C. Cells
were transfected with TRPV1 siRNA or scramble control siRNA using
OligofectAMINE (Invitrogen) as recommended by the manufacturer.
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For dose-dependent experiment, siRNAs with different concentra-
tions ranging from 10 to 50 nM were used.
Luciferase reporter assays
HEK 293 cells (transformed human embryonic kidney cells) were
cultured in DMEM (Invitrogen, Carlsbad, CA) with 10% FBS. Cells in
12-well plastic plates were transfected with 1mg of the control
luciferase reporter construct (pGL2-Basic: Promega, Madison, WI) or
the MMP-1 promoter (1949/þ 35 bp relative to the transcriptional
start site) (Rutter et al., 1997)/luciferase reporter construct with or
without TRPV1 expression plasmid. Transfection was carried out
with OligofectAMINE (Invitrogen, Carlsbad, CA). After incubation at
371C for 24 hours, the cells were incubated in thermo-regulated
water bath at 3770.051C for the control treatment or at 4470.051C
for the heat treatments for 30 minutes. Fresh culture medium was
added and the cells were further incubated for an additional 6 hours.
Luciferase activity was assayed with a Luciferase Assay System
(Promega, Madison, WI). Fold induction is expressed as the ratio
of relative luciferase activity of heat-treated cells to that of control
cells.
Measurement of Calcium Influx (Ca2þ -Imaging Experiment)
HaCaT cells were stained with 4mM Fluo-4 AM (Molecular Probes,
Eugene, OR) in serum-free medium at room temperature for
45 minutes. The staining solution was removed by washing three
times with serum-free medium. Cells on cover glasses were
transferred to custom-built observation chambers and allowed to
accommodate for 20 minutes. Capsaicin was used at a final
concentration of 10 mM prepared in Tyrodes buffer (140 mM NaCl,
5 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 10 mM glucose, 10 mM N-2-
hydroxyethylpiperazine-N0-2-ethanesulfonic acid, pH 7.2). Micro-
scopical observations were performed using a Zeiss LSM 510 META
confocal laser-scanning microscope (Zeiss, Yena, Germany) fitted
with the appropriate filters and PL Fluotar objective ( 200, 0.5 NA)
that was controlled by SCAN Ware 5.10 software (Zeiss, Yena,
Germany). Live-cell experiments were performed at 371C and 5%
CO2 in a humidified chamber. Observation started 20–40 minutes
after Fluo-4 AM staining. The measurements lasted for 20 minutes,
with images taken every 5 seconds.
Statistics
Statistical significance was determined using the Student’s t-test.
Results are presented as mean7SEM. All P-values quoted are two-
tailed and significance was accepted when Po0.05.
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